We present an analysis of spectroscopic radial velocity and photometric data of three bright Galactic Cepheids: LR Trianguli Australis (LR TrA), RZ Velorum (RZ Vel), and BG Velorum (BG Vel). Based on new radial velocity data, these Cepheids have been found to be members of spectroscopic binary systems.
INTRODUCTION
Classical Cepheid variable stars are primary distance indicators and rank among standard candles for establishing the cosmic distance scale, owing to the famous period-luminosity (P -L) relationship. Companions to Cepheids, however, complicate the situation. The contribution of the secondary star to the observed brightness has to be taken into account when involving any particular Cepheid in the calibration of the P -L relationship.
Binaries among Cepheids are not rare at all: their frequency exceeds 50 per cent for the brightest Cepheids, while among the fainter Cepheids an observational selection effect encumbers revealing binarity (Szabados 2003a ).
Owing to some observational projects aimed at obtaining new radial velocities (RVs) of numerous Cepheids carried out during the last decades, a part of the selection effect has been removed. This progress is visualized in Fig. 1 where the current situation is compared with that 20 years ago. The data have been taken from the on-line data base on binaries among Galactic Cepheids (http://www.konkoly.hu/CEP/orbit.html). To get rid of the fluctuation at the left-hand part of the diagram, brightest Cepheids ( V < 5 mag) were merged in a single bin because such stars are extremely rare among Cepheids -see the histogram in Fig. 2 .
In the case of pulsating variables, like Cepheids, spectroscopic binarity manifests itself in a periodic variation of the γ-velocity (i.e., the RV of the mass centre of the Cepheid). In practice, the orbital RV variation of the Cepheid component is superimposed on the RV variations of pulsational origin. To separate orbital and pulsational effects, knowledge of the accurate pulsation period is essential, especially when comparing RV data obtained at widely differing epochs. Therefore, the pulsation period and its variations have been determined with the method of the O−C diagram (Sterken 2005) for each target Cepheid. Use of the accurate pulsation period obtained from the photometric data is a guarantee for the correct phase matching of the (usually less precise) RV data.
In this paper we point out spectroscopic binarity of three bright Galactic Cepheids by analysing RV data. The structure of this paper is as follows. The new observations and the equipment utilized are described in Sect. 2. Section 3 is devoted to the results on the three new spectroscopic binary (SB) Cepheids: LR Trianguli Australis, RZ Velorum, and BG Velorum. Basic information on these Cepheids is given in Table 1 . Finally, Section 4 contains our conclusions.
NEW OBSERVATIONS

Spectra from the Siding Spring Observatory
We performed an RV survey of Cepheids with the 2.3 m ANU telescope located at the Siding Spring Observatory (SSO), Australia. The main aim of the project was to detect Cepheids in bi- Medium-resolution spectra were taken with the Double Beam Spectrograph using the 1200 mm −1 gratings in both arms of the spectrograph. The projected slit width was 2 arcsec on the sky, which was about the median seeing during our observations. The spectra covered the wavelength ranges 4200-5200Å in the blue arm and 5700-6700Å in the red arm. The dispersion was 0.55Å pixel −1 , leading to a nominal resolution of about 1Å. All spectra were reduced with standard tasks in IRAF 1 . Reduction consisted of bias and flat-field corrections, aperture extraction, wavelength calibration, and continuum normalization. We checked the consistency of wavelength calibrations via the constant positions of strong telluric features, which proved the stability of the system. RVs were determined only for the red arm data with the task fxcor, applying the cross-correlation method using a well-matching theoretical template spectrum from the extensive spectral library of Munari et al. (2005) . Then, we made barycentric corrections to every single RV value. This method resulted in a 1-2 km s −1 uncertainty in the individual RVs, while further tests have shown that our absolute velocity frame was stable to within ±2-3 km s −1 . This level of precision is sufficient to detect a number of Cepheid companions, as they can often cause γ-velocity changes well above 10 km s −1 . Discovery of six SBs among the 40 target Cepheids was already reported by Szabados et al. (2013) . The binarity of the three Cepheids announced here could be revealed by involving independently obtained additional data (see Section 2.2). The individual RV data of the rest of the Cepheid targets will be published together with the results of the analysis of the spectra.
CORALIE observations from La Silla
All three Cepheids were among the targets during multiple observing campaigns between 2011 April and 2012 May using the fibre-fed high-resolution (R ∼ 60000) echelle spectrograph CORALIE mounted on the Swiss 1.2 m Euler telescope at ESO La Silla Observatory, Chile. The instrument's design is described in Queloz et al. (2001) ; recent instrumental updates can be found in Ségransan et al. (2010) .
When it turned out that these three Cepheids have variable γ-velocities, several new spectra were obtained in 2012 December -2013 January and 2013 April.
The spectra are reduced by the efficient online reduction pipeline that performs bias correction, cosmics removal, and flatfielding using tungsten lamps. ThAr lamps are used for the wavelength calibration. The reduction pipeline directly determines the RV via cross-correlation (Baranne et al. 1996 ) using a mask that resembles a G2 spectral type. The RV stability of the instrument is excellent and for non-pulsating stars the RV precision is limited by photon noise; (see e.g., Pepe et al. (2002) ). However, the precision achieved for Cepheids is lower due to line asymmetries. We estimate a typical precision of ∼ 0.1 km s −1 (including systematics due to pulsation) per data point for our data.
RESULTS FOR INDIVIDUAL CEPHEIDS
LR Trianguli Australis
Accurate value of the pulsation period The brightness variability of LR TrA (HD 137626, V = 7.80 mag) was revealed by Strohmeier et al. (1966) based on the Bamberg photographic patrol plates. The Cepheid nature of variability and the first values of the pulsation period was determined by Eggen (1983) . This Cepheid pulsates in the first-overtone mode; therefore, it has a small pulsational amplitude and nearly-sinusoidal light and velocity curves.
In the case of Cepheids pulsating with a low amplitude, the O−C diagram constructed for the median brightness (the mid-point between the faintest and the brightest states) is more reliable than that based on the moments of photometric maxima (Derekas et al. 2012 ). Therefore we determined the accurate value of the pulsation period by constructing an O−C diagram for the moments of median brightness on the ascending branch of the light curve since this is the phase when the brightness variations are steepest during the whole pulsational cycle.
All published photometric observations of LR TrA covering three decades were re-analysed in a homogeneous manner to determine seasonal moments of the chosen light-curve feature. The relevant data listed in Table 2 are as follows: Column 1: heliocentric moment of the selected light-curve feature (median brightness on the ascending branch for LR TrA, maximum brightness for both RZ Vel and BG Vel, see Tables 6 and 10 , respectively; Col. 2: epoch number, E, as calculated from Equation (1): C = 2 453 104.9265 + 2.428 289×E
(1) ± 0.0037 ± 0.000 003 (this ephemeris has been obtained by the weighted least squares parabolic fit to the O−C differences); Col. 3: the corresponding O−C value; Col. 4: weight assigned to the O−C value (1, 2, or 3 depending on the quality of the light curve leading to the given difference); Col. 5: reference to the origin of data.
The O−C diagram of LR TrA based on the O−C values listed in Table 2 is plotted in Fig. 3 . The plot can be approximated by a constant period by the ephemeris (1) for the moments of median brightness on the ascending branch. The scatter of the points in Fig. 3 reflects the observational error and uncertainties in the analysis of the data.
Binarity of LR TrA
There are no earlier RV data on this bright Cepheid. Our new data listed in Tables 3 and 4 have been folded on the accurate pulsation period given in the ephemeris (see Equation 1). The merged RV phase curve is plotted in Fig. 4 . Both individual data series could be split into seasonal subsets.
Variability in the γ-velocity is obvious. The γ-velocities (together with their uncertainties) are listed in Table 5 . The γ-velocity in 2007 is more uncertain than in other years because this value is based on a single spectrum. Systematic errors can be excluded. Dozens of Cepheids in our sample with non-varying γ-velocities indicate stability of the equipment and reliability of the data reduction. Fig. 5 is a better visualization of the temporal variation in the γ-velocity. The seasonal drift in the γ-velocity is compatible with both short and long orbital periods. The photometric contribution of the companion star decreases the observable amplitude of the brightness variability as deduced from the enhanced value of the ratio of the RV and photometric amplitudes (Klagyivik & Szabados 2009 ). This is an additional (although slight) indication of binarity of LR TrA.
RZ Velorum
Accurate value of the pulsation period The brightness variability of RZ Vel (HD 73502, V = 7.13 mag) was revealed by Cannon (Pickering 1909) . The Cepheid nature of variability and the pulsation period were established by Hertzsprung (1936) based on the Figure 6 . O−C diagram of RZ Vel. The plot can be approximated by a parabola indicating a continuously increasing period.
Harvard and Johannesburg photographic plate collection which was further investigated by Oosterhoff (1936) . This is the longest period Cepheid announced in this paper and it has been frequently observed from the 1950s, first photoelectrically, then in the last decades by CCD photometry. The photometric coverage of RZ Vel was almost continuous in the last 20 years thanks to observational campaigns by Berdnikov (2008) and his co-workers, as well as the ASAS photometry (Pojmanski 2002) .
Long-period Cepheids are usually fundamental pulsators and they oscillate with a large amplitude resulting in a light curve with sharp maximum.
The O−C diagram of RZ Vel was constructed for the moments of maximum brightness based on the photoelectric and CCD photometric data (see Table 6 ). The weighted least squares parabolic fit to the O−C values resulted in the ephemeris: The O−C diagram of RZ Vel plotted in Fig. 6 indicates a continuously increasing pulsation period with a period jitter superimposed. This secular period increase has been caused by stellar evolution: while the Cepheid crosses the instability region towards lower temperatures in the Hertzsprung-Russell diagram, its pulsation period is increasing. Continuous period variations (of either sign) often occur in the pulsation of long-period Cepheids (Szabados 1983) . Fig. 7 shows the O−C residuals after subtracting the parabolic fit defined by Equation (2). If the wave-like fluctuation seen in this ∆(O − C) diagram turns out to be periodic, it would correspond to a light-time effect in a binary system. In line with the recent shortening in the pulsation period, the current value of the pulsation period is 20.396671 ± 0.000200 days (after JD 2 452 300). 
Binarity of RZ Vel
There are several data sets of RV observations available in the literature for RZ Vel: those published by Stibbs (1955 ), Lloyd Evans (1968 , 1980 , Coulson & Caldwell (1985) , Bersier (2002) , and Nardetto et al. (2006). Our individual RV data are listed in Tables 7 and 8 . Based on these data, the RV phase curve has been constructed using the 20.398532 d pulsation period appearing in Equation (2). In view of the complicated pattern of the O−C diagram the RV data have been folded on by taking into account the proper phase correction for different data series. The merged RV phase curve is plotted in Fig. 8 . For the sake of clarity, RV data obtained before JD 2 450 000 have not been plotted here because of the wider scatter of these early RV data but the γ-velocities were determined for each data set. The individual data series are denoted by different symbols: filled squares mean data by Bersier (2002) , empty squares those by Nardetto et al. (2006 Nardetto et al. ( ), and our 2005 Nardetto et al. ( , 2006 Nardetto et al. ( , 2012 Nardetto et al. ( and 2013 data are denoted by filled triangles, empty triangles, filled circles and empty circles, respectively. The wide scatter in this merged RV phase curve plotted in Fig. 8 is due to a variable γ-velocity. The γ-velocities determined from each data set (including the earlier ones) are listed in Table 9 and are plotted in Fig. 9 . The plot implies that RZ Vel is really an SB as suspected by Bersier (2002) based on a much poorer observational material (before JD 2 450 500). An orbital period of about 5600-5700 d is compatible with the data pattern in both Fig. 7 and Fig. 9 but the phase relation between the light-time effect fit to the ∆(O − C) curve and the orbital RV variation phase curve obtained with this formal period is not satisfactory.
BG Velorum
Accurate value of the pulsation period The brightness variability of BG Vel (HD 78801, V = 7.69 mag) was revealed by Cannon (Pickering 1909) . Much later O'Leary (1937) independently discovered its light variations but he also revealed the Cepheid nature and determined the pulsation period based on photographic plates obtained at the Riverview College Observatory. Van Houten (1950) also observed this Cepheid photographically in Johannesburg but these early data are unavailable, therefore we only mention their studies for historical reasons.
This Cepheid is a fundamental-mode pulsator. The O−C differences of BG Vel calculated for brightness maxima are listed in Table 10 . These values have been obtained by taking into account the constant and linear terms of the following weighted parabolic fit: C = 2 453 031.4706 + 6.923 843×E + 2.58 × 10 −8 E 2 (3) ± 0.0020 ± 0.000 007 ± 0.27 × 10
The parabolic nature of the O−C diagram, i.e., the continuous increase in the pulsation period, is clearly seen in Fig. 10 . This parabolic trend corresponds to a continuous period increase of (5.16 ± 0.54) × 10 −8 d cycle −1 , i.e., ∆P = 0.000272 d/century. This tiny period increase has been also caused by stellar evolution as in the case of RZ Vel. The fluctuations around the fitted parabola in Fig. 10 do not show any definite pattern: see the ∆(O − C) diagram in Fig. 11 .
Binarity of BG Vel
There are earlier RV data of this Cepheid obtained by Stibbs (1955) and Lloyd Evans (1980) . Variability in the γ-velocity is seen in the merged phase diagram of all RV data of BG Velorum plotted in Fig. 12 . In this diagram, our 2005-2006 data (listed in Table 11 ) are represented with the empty circles, while 2012-2013 data (listed in Table 12 ) are denoted by the filled circles, the triangles represent Stibbs' data, and the × symbols refer to Lloyd Evans' data. Our RV data have been folded with the period given in the ephemeris Equation (3) with the same period but a proper correction has been applied to allow for the phase shift due to the parabolic O−C graph. The γ-velocities determined from the individual data sets are listed in Table 13 and plotted in Fig. 13 . Since no annual shift is seen in the γ-velocities between two consecutive years (2005-2006 and 2012-2013) , the orbital period cannot be short, probably it exceeds a thousand days.
Similarly to the case of LR TrA, BG Vel is also characterized by an excessive value for the ratio of RV and photometric amplitudes indicating the possible presence of a companion (see Fig. 14) .
CONCLUSIONS
We pointed out that three bright southern Galactic Cepheids, LR TrA, RZ Vel and BG Vel, have a variable γ-velocity implying their membership in SB systems. RV values of other target Cepheids observed with the same equipment in 2005-2006 and 2012 testify that this variability in the γ-velocity is not of instrumental origin, nor an artefact caused by the analysis.
The available RV data are insufficient to determine the orbital period and other elements of the orbits. However, some inferences can be made from the temporal variations of the γ-velocity. An orbital period of 5600-5700 d of the RZ Vel system is compatible with the data pattern. In the case of BG Vel, short orbital periodicity can be ruled out. For LR TrA, even the range of the possible orbital periods remains uncertain.
The value of the orbital period for SB systems involving a Cepheid component is often unknown: according to the on-line data base (Szabados 2003a ) the orbital period has been determined for about 20% of the known SB Cepheids. The majority of known orbital periods exceeds a thousand days.
A companion star may have various effects on the observable photometric properties of the Cepheid component. Various pieces of evidence of duplicity based on the photometric criteria are discussed by Szabados (2003b) and Klagyivik & Szabados (2009) . As to our targets, there is no obvious sign of a companion from optical multicolour photometry. This indicates that the companion star cannot be much hotter than any of the Cepheids discussed here. There Figure 14 . The slightly excessive value of the A V RAD /A B amplitude ratio of LR TrA and BG Vel (large circles) with respect to the average value characteristic at the given pulsation period is an independent indication of the presence of a companion star. This is a modified version of fig. 4f of Klagyivik & Szabados (2009) . The open symbols in the original figure correspond to known binaries and the filled symbols to Cepheids without known binarity. For the meaning of various symbols, see Klagyivik & Szabados (2009). is, however, a phenomenological parameter, viz. the ratio of RV to photometric amplitudes (Klagyivik & Szabados 2009 ) whose excessive value is a further hint at the probable existence of a companion for both LR TrA and BG Vel (see Fig. 14) . Moreover, the IUE spectra of bright Cepheids analysed by Evans (1992) gave a constraint on the temperature of a companion to remain undetected in the ultraviolet spectra: in the case of RZ Vel, the spectral type of the companion cannot be earlier than A7, while for BG Vel this limiting spectral type is A0. Further spectroscopic observations are necessary to characterize these newly detected SB systems.
Our findings confirm the previous statement by Szabados (2003a) about the high percentage of binaries among classical Cepheids and the observational selection effect hindering the discovery of new cases (see also Fig. 1 ).
Regular monitoring of the RVs of a large number of Cepheids will be instrumental in finding more SBs among Cepheids. RV data to be obtained with the Gaia astrometric space probe (expected launch: 2013 September) will certainly result in revealing new SBs among Cepheids brighter than the 13-14th magnitude (Eyer et al. 2012) . In this manner, the 'missing' SBs among Cepheids inferred from Fig. 1 can be successfully revealed within few years.
